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Molecular Dynamics Simulations of PIP, and PIP; in Lipid Bilayers:
Determination of Ring Orientation, and the Effects of Surface Roughness
on a Poisson-Boltzmann Description
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ABSTRACT Molecular dynamics (MD) simulations of phosphatidylinositol (4,5)-bisphosphate (PIP,) and phosphatidylinositol
(3,4,5)-trisphosphate (PIP3) in 1-palmitoyl 2-oleoyl phosphatidylcholine (POPC) bilayers indicate that the inositol rings are tilted
~40° with respect to the bilayer surface, as compared with 17° for the P-N vector of POPC. Multiple minima were obtained for the
ring twist (analogous to roll for an airplane). The phosphates at position 1 of PIP, and PIP; are within an Angstrbm of the plane
formed by the phosphates of POPC,; lipids in the surrounding shell are depressed by 0.5-0.8 A, but otherwise the phosphoinosi-
tides do not substantially perturb the bilayer. Finite size artifacts for ion distributions are apparent for systems of ~26 waters/lipid,
but, based on simulations with a fourfold increase of the aqueous phase, the phosphoinositide positions and orientations do not
show significant size effects. Electrostatic potentials evaluated from Poisson-Boltzmann (PB) calculations show a strong depen-
dence of potential height and ring orientation, with the maxima on the —25 mV surfaces (17.1 + 0.1 Afor PIP,and 19.4 + 0.3 A
for PIP3) occurring near the most populated orientations from MD. These surfaces are well above the background height of 10 A
estimated for negatively charged cell membranes, as would be expected for lipids involved in cellular signaling. PB calculations
on microscopically flat bilayers yield similar maxima as the MD-based (microscopically rough) systems, but show less fine struc-
ture and do not clearly indicate the most probable regions. Electrostatic free energies of interaction with pentalysine are also
similar for the rough and flat systems. These results support the utility of a rigid/flat bilayer model for PB-based studies of
PIP, and PIP3 as long as the orientations are judiciously chosen.

INTRODUCTION

Both nonspecific and specific interactions between proteins
and membrane lipids play critical roles in intracellular signaling
(1-4). Nonspecific binding is mostly modulated by phosphati-
dylserine (PS), a monovalent acidic lipid. PS constitutes ~25%
of the phospholipid in the inner leaflet of the plasma membrane,
and the electrically neutral phosphatidylcholines (PC) and
phosphatidylethanolamines (PE) account for ~60%. The appre-
ciable negative charge from PS has been suggested to provide
a driving force for plasma membrane localization of a wide
range of peripheral proteins such as K-Ras, MARCKS, and
Src. In contrast, specific protein-lipid interactions are primarily
modulated by phosphoinositides, which account for 4%—5% of
membrane phospholipid. Two major poly-phosphoinositides
in mammalian cells are phosphatidylinositol (4,5)-bisphos-
phate (PIP,) and phosphatidylinositol (3,4,5)-trisphosphate
(PIP;). Strikingly, the levels of PIP, are relatively stable,
whereas those of PIP; are dynamically regulated. The lipid
compositions of intracellular membranes in a cell vary dramat-
ically, and such differences are important in the recruitment of
proteins to different subcellular compartments during cellular
signaling. Proteins that specifically bind to PIP, include the
Pleckstrin homology (PH) domain of phospholipase C-01(2),
the epsin N-terminal homology (ENTH) domain (5), and the
Gag precursor protein Pr559°€ of HIV-1 (6).
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Over the past 20 years, a number of theoretical approaches
have been used to describe the electrostatic properties of
phospholipid membranes (7). The most primitive model
for the electrostatics of the phospholipid bilayers is the
smeared charge model, which is based on Gouy-Chapman
theory. Here the membrane surface is assumed to be flat
and homogeneous. This model yields semiquantitative
descriptions of the electrostatic properties of the membrane
surface when the shape and charge distribution of lipids
and adsorbed proteins may be neglected (8,9). However, it
breaks down when localized charge distributions and shapes
become important. This effect, known as ““discreteness of
charge”, is critical for describing systems that contain multi-
valent phosphoinositides at the low concentrations found in
naturally occurring cell membranes (10).

The next level treatment for these more-complex systems is
based on the finite-difference Poisson-Boltzmann (FDPB)
method (11,12). The solvent is described implicitly in terms
of a bulk dielectric constant and the mobile ions are modeled
in the mean-field approximation, whereas the membranes
and relevant macromolecules are included in atomic detail
(13-17). The FDPB method can successfully describe the
electrostatic properties of membranes and protein/membrane
systems, as judged by comparison with extensive experimental
measurements (2,10,13,15,18-24). In a study by McLaughlin
and Murray (2), FDPB treatment of PIP,-containing PC and
PC/PS bilayers revealed that PIP, dramatically enhances
the negative electrostatic potential in a localized manner.
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However, their study included two sizeable assumptions. First,
the orientation of the PIP, headgroup was set perpendicular to
the membrane plane. This was based on the results of neutron
diffraction studies of P and PI4P vesicles containing 50 mol %
phosphoinositide (21,25), which is more than an order of
magnitude greater than that in biological membranes. Second,
the membrane systems were modeled as microscopically flat
and static structures, whereas it is well known from experiment
and simulation that the surfaces of fluid phases lipid bilayers
are microscopically rough and very dynamic.

This work presents the results of molecular dynamics (MD)
simulations of a single PIP, and PIP; in 1-palmitoyl 2-oleoyl
phosphatidylcholine (POPC) bilayers, and has two principal
aims. The first is to establish the positions and orientations
of the aforementioned phosphatidylinositols in the bilayers.
These have not been determined experimentally at physiolog-
ically relevant low concentrations, and therefore provide
important points of comparison for both future simulations
and experiments. The second aim is to examine the assump-
tion of molecular flatness in the FDPB calculations described
above using the microscopically rough (and more realistic)
surfaces obtained from the MD. The combined result of these
two aims provides a robust estimate for the sizes of the elec-
trostatic “‘bulges’ (or domes) of PIP, and PIP3, and lends
insight into their signaling in a cellular environment.

The first part of this work describes the MD calculations.
Three trajectories of 50 ns each for bilayers containing 71
POPC, one PIP (PIP, or PIP;), and ~26 waters/lipid and
0.1 M NaCl were analyzed for the orientation and z-position
of PIP, the solvent-accessible surface area (SASA) of each
phosphate in its headgroup, the perturbations to its neigh-
boring lipids, and its effects on the distribution of ions.
MD simulations were also carried out with the same numbers
of lipids and a fourfold increase of solvent to rule out signif-
icant system size effects on relevant conclusions. The second
part examines the electrostatics. FDPB calculations were
carried out on snapshots from the MD simulations, and on
PIP headgroups attached to microscopically flat POPC
bilayers of the sort used in previous PB studies. Comparisons
of the —25 mV electrostatic equipotential profiles and the
electrostatic free energies of interaction with pentalysine
for the MD-based and flat systems then yield an assessment
of the applicability of the latter.

MATERIALS AND METHODS
MD simulations

All systems contained a single PIP, or PIP; and 35 POPC in the cis (PIP-
containing) leaflet, and 36 POPC in the trans leaflet, 0.1 M NaCl, and
neutralizing counterions (4 Na* for PIP, and 6 Na* for PIPs). Two sizes
were simulated: 1X, which contained ~26 waters/lipid and 12 ion pairs,
and 4X, with 104 waters/lipid and 48 ion pairs. Three replicates of the 1X
systems were generated; these are denoted 1Xa, 1Xa, and 1Xc. Chains 1
and 2 of the PIPs in the 4X systems are stearic and arachidonic acid, respec-
tively, as is observed in naturally occurring membranes (26). The phospha-
tidylcholine with these fatty acid chains is denoted SAPC. Chain 1 of the 1X
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systems is also stearic acid. However, the positions of the double bonds of
chain 2 of the PIPs were incorrectly offset (C4=C5 instead of C5=C6,
and so on). The ramifications of this error are minor, based on comparisons
with the 4X system. This is also consistent with the simulation studies of
Martinez-Seara et al. (27) who found relatively little effect of a double
bond shift at the 5 and 7 positions of 18 carbon chains. For simplicity, the
associated phosphatidylcholine is also denoted SAPC in the model building
described below.

The 1X systems were constructed from a bilayer of a single SAPC and 71
POPC. This system was generated from a library of lipids extracted from
a previous simulation of fully hydrated pure POPC, and a single SAPC using
the build-up procedure described previously (28). After model building and
solvation (including 12 ion pairs) was completed, the SAPC/POPC system
was simulated for 55 ns in the NPAT ensemble (29,30), with constant
particle number N, temperature 7 = 303 K, normal pressure P = 1 atm,
and surface area A = 68 A? /lipid (the experimental surface area for pure
POPC at 303 K (31)). The PC headgroup of SAPC was replaced by either
PIP, or PIP; at 5, 6, and 7 ns coordinate sets to yield the three replicates
1Xa, 1Xb, and 1Xc. The following protocol was followed in each case: dele-
tion of overlapping waters, minimization, addition of neutralizing counter-
ions by random placement in the solvent region, minimization, and velocity
reassignment. The three 1X systems were then simulated for 55 ns, and the
last 50 ns were used for analysis.

The 4X systems were constructed by extracting the water and ion pairs
(but not the neutralizing Na™ ions) from the 55 ns time frame of 1Xa, and
reforming them into a slab with the same area cross section as the bilayer
systems via minimization. The height was initially set overly large, and
then systematically reduced to obtain the approximate experimental density
of water during the minimization. The water and ion slabs were then equil-
ibrated for 1 ns of NPAT dynamics. Three copies of the respective slabs (one
from PIP, and one from PIP;) were then reinserted into the systems from
which they were extracted, and the unit cell height increased appropriately.
The polyunsaturated chain 2 on the 1X system was transmuted to arachi-
donic acid. A 50 ns trajectory was generated, and the last 45 ns were used
for analysis.

MD simulations were performed using CHARMM (Chemistry at Harvard
Macromolecular Mechanics) (32) with the C27r (33) all-atom potential
energy set for POPC and for each phosphoinositide, and modified TIP3P
for water (34,35). C27r revises the chain torsions of the older C27 parameter
set (36), but is otherwise identical. As noted in a recent review (37), these
lipid parameters reproduce a wide range of structural and dynamical exper-
iments, especially the region around the phosphate headgroup (38). It was
necessary to assume transferability from glycerol phosphate parameters to
describe phosphoinositol; specifically, the CTL1 atom type was assumed
to have the same angle (C-O-P) and torsion (C-O-P-O) parameters as
CTL2. This is completely consistent with the phosphate parameters in the
CHARMM C27 nucleic acid set. All of the other parameters were already
present in the distributed lipid set. Parameters for chain 2 of PIP were as
described previously (39). Newton’s equations of motion were integrated
using the Verlet algorithm with a 1 fs time step, and coordinates were saved
every 1 ps. Simulations were carried out with periodic boundary conditions
with a tetragonal lattice in the NPAT ensemble, with the z axis normal to the
interface (i.e., the area was fixed and the height varied independently). Elec-
trostatic interactions were calculated with particle mesh Ewald (PME) (40)
with a 10 A real-space cutoff and an ~1 A grid spacing for the reciprocal
space sum. Lennard-Jones energies were switched to zero between 8 and
10 A. SHAKE (41) was used to constrain all covalent bonds involving
hydrogen atoms. Analysis of membrane structural differences focused on
the SASA of the headgroup of each PIP, the number density profile of the
ions, and the orientation and z-position of the PIP headgroups.

FDPB calculations

Finite-difference solutions to the nonlinear PB equation (FDPB method)
were obtained using a modified version of DelPhi (42). The solvent was
described in terms of a bulk dielectric constant and mean concentrations
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of mobile ions (0.1 M NaCl), whereas coordinates, radii, and partial charges
were included for each lipid atom. The FDPB method was employed to
study the electrostatic potentials of the bilayer surfaces based on two
different series of molecular models for each PIP. The MD simulation
models were based on the 1500 snapshots from the trajectories. The flat
bilayer models were prepared from the 2D lattice coordinates of the indi-
vidual lipids by translation and rotation of the individual lipid coordinates
to the desired center-of-mass locations, with a surface area of 68 Az/lipid.
The rotation angles of the initial structures were chosen to ensure that there
were no overlaps. The lipid in the center of the flat bilayer model was
replaced by a PIP whose headgroup possesses a different orientation and
z-position (details are described in the next section). The molecular models
were then mapped onto a 3D cubic grid of 209° points, each of which repre-
sents a small region of the membrane. The charges and radii used for the
lipids were those described by Peitzsch et al. (43) and used in previous
studies (10,20,22). The partial charges of the phosphoinositides were taken
from similar functional groups from the CHARMMZ27 parameter set (36),
with the net charges on PIP, and PIP; equal to —4 and —6, respectively
(it was assumed that one of the oxygen atoms in the phosphate of the inositol
ring in PIP, and PIP; is protonated). The molecular surfaces of the molecules
were determined with CHARMM using a spherical probe radius 1.4 A (the
radius of a water molecule). Regions inside the molecular surfaces of the
membrane were assigned a dielectric constant of 2 to account for electronic
polarizability, and those outside were assigned a dielectric constant of 80
(44). An ion exclusion layer was added to the solutes to extend 2 A beyond
the molecular surfaces. The nonlinear Poisson-Boltzmann (PB) equation
was solved in the finite-difference approximation, and the numerical calcu-
lation of the potential was iterated to convergence (the point at which the
electrostatic potential changes 10~ kT/e between successive iterations

an.

RESULTS AND DISCUSSION
Structural quantities of PIP, and PIP;

This subsection describes the MD simulations, beginning
with the three replicates of the 26 water/lipid systems
(1Xa, 1Xb, and 1Xc) and proceeding to the 104 water/lipid
(4X) systems.

Fig. 1 plots the distributions along the bilayer normal (z)
for each phosphate of PIP, and PIP; with respect to the
center of the bilayer, and Table 1 lists the averages with
respect to the plane of the phosphates of POPC in the
same leaflet. The average position of P1 of PIP, is statisti-
cally equal to that of the phosphates of POPC, whereas P1
of PIP; extends slightly (0.6 A) into the solvent; the refer-
ence plane was defined by the instantaneous positions of
P1 of POPC which were more than 15 A from P1 of the
PIP. The widths of the distributions are similar to those of
the neighboring lipids and to P1 in other fluid phase bilayers
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FIGURE 1 Distribution of the z-position of the phosphates in PIP, (leff)
and PIP; (right) from the MD trajectories from the average of the
26 water/lipid (1X) systems.

(31,45). P4 of PIP, and PIP; both extend ~5.5 A above the
average phosphate plane, and ~1 A above the other ring
phosphates. No significant difference was observed for the
average z-position of P3 and P5 in PIP; (the nonnormal char-
acter of these distributions is discussed further below). The
average position of N in POPC is 1.2 A above the phosphate
plane, indicating that the ring phosphates of PIP, and PIP;
are, on average, well above the PC headgroups.

Table 1 includes the SASAs of the PIP phosphates as
computed with a 1.4 A probe radius. The SASAs of P1 in
PIP, and PIP; are statistically equal to each other, and 3—4
times less than values for the phosphates on the ring. The
mean *+ standard error (SE) values for the ring phosphates
are also approximately twice as large as for P1, which is
consistent with their broad distributions in z (Fig. 1) and
the ring dynamics described below. The SASA of the phos-
phate group of POPC in the SAPC/POPC bilayer is 46.9 +
0.4 A%

Evaluating the orientations of the PIP headgroups is not
straightforward because they are not rigid. Here the internal

TABLE 1 Structural quantities of the headgroups of PIP, and PIP; from the average of the three replicates 1Xa, 1Xb, and 1Xc (first
entry), and from 4X (in parentheses)
PIP phosphate Az (A) SASA (A% 8, ¢ (deg)
PIP, 1 0.1 =03 (1.1 £ 0.3) 26 £ 329 = 1) 44 £ 1,11 =834 + 3,4 = 8)
4 55+ 0.3(.3 £0.6) 95 £ 5(78 £9)
5 47 = 04 (43 £ 0.6) 87 £5(74 £ 9
PIP; 1 0.6 = 0.2 (1.2 = 0.5) 22 £233 £2) 39 £55+1431 £523+7)
3 4.1+ 0332 £ 09) 81 £ 6(69 £9)
4 54 +03(52=x07 90 + 580 £ 5)
5 45+ 0445 £04) 91 =597 = 3)
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vectors of the relatively rigid inositol ring were used. As
sketched in Fig. 2, 6 and $ specify the angles made by the
C1-C4 and C3—C5 vectors with respect to the bilayer normal.
The corresponding angles (in_degrees) with respect to the
bilayer surface are then § = § — 90 and ¢ = a — 90, and
are denoted as tilt and twist, respectively (twist is analogous
to roll, such as when an airplane lowers one wing and raises
the other). Fig. 3 plots the time series of these angles for the
three replicates, and the last column in Table 1 lists the
averages; ¢ samples values in the range of 0-80°, much like
an overdamped harmonic oscillator, with an average value
0= 40° for both PIP, and PIPs. ¢ samples a broader range
and appears to jump between minima several times in each
trajectory. This explains the broad and multimodal distribu-
tions for the P3 and PS5 positions (Fig. 1). The 2D potentials
of mean force (PMF) for the 6, ¢ surface shown in Fig. 4 illus-
trate this further. A particular 50 ns trajectory tends to sample
only one or two of these minima. Nevertheless, the average of
all three replicates (next to last row, labeled 1X) shows all the
states, indicating that convergence is reasonable. Although
¢= 0° (Table 1), there are preferred locations at ¢ = 0° and
+35° for both PIP, and PIP;. Hence, the ring can be flat (¢
= 0°), with P5 and P3 at approximately the same height, or
twisted with P5 higher than P3 (¢ = 35°) or P3 higher than
P5 (¢ = —35°). The SASAs for the P3 and P5 phosphates
in PIP5 are ~75, 100, and 120 Az, depending on ¢.

The low barrier (0.5 kcal/mol) between the minima on the
average 0, ¢ surface does not imply that transitions are rapid

FIGURE 2 Definitions of 8 and a, the angles made by the C1-C4 and
C3-C5 vectors of the inositol ring with the bilayer normal (z), and
numbering of the ring. The molecule shown is a PIP, taken from a represen-
tative snapshot of the MD simulations.
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FIGURE 3 Time series of § = 8§ — 90 (gray) and ¢ = ¢ — 90 (black) of
PIP; (left four panels) and PIP; (right four panels) for each of the three repli-
cate 26 water/lipid systems (1Xa, 1Xb, and 1Xc) and the 102 water/lipid
system (4X).

(they are on the 20 ns timescale, as is evident in Fig. 3).
Rather, it is a limitation of reducing a complex phase space
to only two dimensions. Nevertheless, such a representation
is useful and yields the same conclusions as a treatment
based on the P1-P4 and P3—P5 vectors (data not shown).

The interactions of PIP, and PIP; and the surrounding
lipids in the bilayer were assessed by means of the average
z-position of the POPC phosphate and 0py, the angle
between the PN vector and the bilayer surface. Fig. 5 indi-
cates a 0.5-0.8 A depression in the bilayer surface in the first
shell (- < 8 A) of lipids for both phosphoinositides, and
shows that the effect dissipates in the second shell. Lipid
distributions on the trans leaflet evaluated as a control ex-
hibited no such perturbations, i.e., the distribution functions
oscillated ~0 for all . A similar analysis for 6py showed
uniform behavior for POPC on both the cis and frans leaflets,
with an average of 17.2 = 0.2°.

Finite size effects

The effects of water thickness on the properties of lipid bila-
yers were recently reported (46,47). The importance of this
effect for the study presented here may be determined by
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FIGURE 4 2D PMFs (6, ¢) of PIP, and PIP; for each of the three 50 ns
replicates of the MD simulations of the 26 water/lipid systems, the average
over the replicates, and the 102 water/lipid system (one 45 ns replicate). The
PMFs were obtained from the joint probability distribution of these angles as
-kgT In p(0, ¢), where kp is Boltzmann’s constant and T is temperature.
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comparing the 1X and 4X systems. As shown in Fig. 6 for
PIP, (top) and PIP; (bottom), there is a substantial excess
of C1™ in the center of the water (£ 30 10\) for the 1X systems,
i.e., there is no “bulk” solvent region in the systems. The
reason for this is simple: the negatively charged phosphates
condense a layer of Na* at approximately =25 A. Chloride
ions form the coion layer farther from the bilayer surface,
leading to the net negative charge in this region. There is
sufficient solvent in the 4X systems to allow a fully formed
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FIGURE 5 Shift in the z-positions of P1 of POPC as a function of distance
from P1 of PIP, (top) and PIP; (bottom). The reference plane was defined by
the average instantaneous positions of P1 of POPC more than 15 A from P1
of the PIP. Error bars are standard errors from the three 1X replicates.

coion layer and a substantial region of bulk (electrically
neutral) solvent. Despite these differences, however, the
ion distributions near the bilayer surface are very similar
for the 1X and 4X systems. In effect, the free-energy gain
of interacting with the POPC headgroups and neutralizing
the phosphates the PIP is greater than the free-energy loss
associated with the nonbulk water layer.

As may be expected from the similarities of ion distribu-
tions of the 1X and 4X systems at the bilayer/solvent
interface, the differences in positions (Table 1), SASAs
(Table 1), and orientations of PIP, and PIP; (Figs. 2 and 3)
are also small, and generally within the statistical uncertainty
of the simulations. Because there is greater sampling in the
1X systems (there are three independently generated repli-
cates), they are used for the primary analysis. Nevertheless,
the basic conclusions of this study are consistent with 4X
results.

Given that the MD simulations are used to evaluate the
orientation of the PIP headgroups, the finite size effects asso-
ciated with the lateral dimensions (50 A) are expected to
be negligible. This inference is based on the equivalence of
headgroup reorientational correlation functions from simula-
tions of DPPC bilayers with 72 and 288 lipids (48).

Biophysical Journal 97(1) 155-163
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FIGURE 6 Distribution of ion (Na* and CI~) concentration normal to the
bilayer surface for a PIP, in POPC (fop) and PIP; in POPC (bottom) for the
large (4X) and small (1X) systems. The bilayer center is located at z = 0, and

the PIP is located in the positive z side. The region from z = —10toz = 10 is
not shown in the plots.

Naturally, deformations of the membrane above the 5 ns
length scale are not approachable with this study.

Electrostatic potential surfaces

The top panels of Fig. 7 show representative images of the
—25 mV electrostatic potential surfaces, and the lower
panels compare the height of the potential bulge as a function
of the orientation angles 6 and ¢ for the MD-based and
microscopically flat systems. The MD-based results are
considered first.

Not surprisingly, the bulge height strongly depends on 6
(the height of P4 of the PIP is a maximum when 6 = 90°).
Rotation of ¢ changes the height of P5 of PIP, and thereby
the height of the potential bulge for a given . In contrast,
the height of the potential is relatively independent of ¢
for PIP;. This is because increasing the z-position of P5
lowers the position of P3, and the effects cancel.

Table 2 lists the averaged heights of the —25mV potential
obtained from 100 ps snapshots of the trajectories (500 points
from each 1X replicate, and 450 from the 4X systems). The
values for each 1X replicate and the 4X are within the statis-
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FIGURE 7 The —25 mV electrostatic potential from representative
configurations of PIP, (left) and PIP; (right) from MD (fop) and the same
orientations for the flat model (second row); maximum height (in A) of
the —25 mV potential on the 6,¢ surface for the MD (third row) and flat
system (bottom). The regions enclosed by the yellow lines correspond to
the most probable orientations obtained in the MD simulations (see
Fig. 4). The MD surface was obtained from an average of three 1X systems
and is nearly identical to that of the 4X system. The molecular surface image
was generated by GRASP2 (52).

tical uncertainties of each other. Treating each trajectory as an
independent sample yields average heights of 17.1 = 0.1 A
for PIP, and 19.4 = 0.3 A for PIP;. The most probable orien-
tations (Fig. 4 and the region enclosed by the yellow line in
Fig. 7) are close to but not precisely the same as the orienta-
tions with the highest potential. The same observation holds
for the 4X systems (data not shown). This implies that the
electrostatic free energy is an important, but not the only,
contributor to the orientation of the PIP.

Turning to the results for the ““flat” systems, the final row
of Fig. 7 indicates that the 6, ¢ dependence is similar to the
MD-based ones (a full sweep of angles is possible for the
former, because steric clashes and unfavorable internal ener-
gies were ignored). The average heights from the flat systems
obtained from orientations populated in the MD (those con-
tained by the yellow lines) are nearly identical to the MD
averages (final column of Table 2). The overall shape of
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TABLE 2 Height (in A) of the —25 mV equipotential bulge induced by PIP, and PIP; above the bilayer surface for the MD and flat
bilayer models

MD simulation Flat bilayer*
PIP 1Xa' 1Xb 1Xc 1X° 4x
PIP, 16.9 + 0.2 174 + 03 172 + 03 172 + 03 169 + 0.3 17.0 + 0.2
PIP, 19.1 = 0.2 18.8 = 0.3 203 + 0.2 194 = 0.2 195 = 0.5 18.7 = 0.4

*Averages and mean + SE obtained from the points enclosed by the dashed yellow lines in Fig. 7 denoting the most populated regions sampled in the MD

trajectories.
"Average of 1Xa, 1Xb, and 1Xc.

the potential bulges (top two rows of Fig. 7) are also very
similar. Hence, the fine structure of the membrane and
specific interactions with neighboring lipids essentially
average out for purposes of evaluating the electrostatic
potential.

Differences between the rough and flat systems were also
probed by evaluating the electrostatic free-energy differ-
ences from bringing pentalysine (charge of +5) to the
surface from z = . In each case, the peptide was fully
extended and oriented parallel to the surface. Representative
PIP, and PIP; configurations were selected from the MD
trajectories and flat systems, and energies were calculated
as described previously (10). The top panel of Fig. 8 shows
that PIP; interacts more favorably with the peptide than PIP,
by an ~1 kcal/mol difference over the range of 13-21 A. The
minima, at 13-14 A, correspond to the height of the PIP plus
one layer of water. Interactions become repulsive at shorter
distances, which is the realm of specific binding. The lower
panel of Fig. 8 plots the differences of the microscopically
rough and flat surfaces for each PIP. Consistent with the
results shown in Fig. 7, the differences are only a few tenths
of a kcal/mole in the relevant regions, again demonstrating
the utility of the simplified description.

The near equivalence of electrostatic properties from
the two treatments is consistent with the insensitivity of elec-
trophoretic measures to details of the membrane surface
roughness (7,9), and some electrostatic properties are even
independent of phase for a fixed charge density (9). It is,
nevertheless, useful to demonstrate this insensitivity using
simulations. Estimates from such electrostatic models place
the —25 mV surface of cell membranes at ~10 A above the
membrane plane. Hence, our values of 17 and 19 A for
PIP, and PIP;, respectively, set them well above the back-
ground potential.

The electrostatic potentials obtained here are also reminis-
cent of those calculated in an earlier PB study (10) with
similar but static lipids and membranes. The results of that
study and complementary experimental measurements (49)
show that the phosphoinositide lipids produce an enhanced
negative potential, even on the background of a strongly
electronegative 2:1 PC/PS bilayer (PS, phosphatidylserine
with z = —1). Such exposure allows poly-phosphoinositides,
particularly PIP, and PIP;, to serve as ‘““basins of attraction”
for basic regions on peripheral proteins (50) as well as for the

basic juxtamembrane sequences found on many transmem-
brane receptors. For example, strong, nonspecific sequestra-
tion of PIP, appears to play a major inhibitory function in the
epidermal growth factor receptor (EGFR) (2) and the myris-
toylated alanine-rich C-kinase substrate (MARCKS) protein
(2,50). Even though PIP; is a transient lipid that serves as
a potent mitogenic signal, the results presented here indicate
that upon its production in activated cells, it would be simi-
larly nonspecifically sequestered.

The calculations of the nonspecific interactions with basic
sequences show that the electrostatic free energies with PIP,
(z = —4) are only slightly less favorable than the electrostatic
free energies with PIP; (z = —6; Fig. 8). There is an
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FIGURE 8 Electrostatic free-energy difference of pentalysine as a func-
tion of distance above the bilayer surface (defined by the phosphate plane).
(Top panel) MD simulated bilayers with PIP, and PIP;. (Bottom panel)
Difference of MD and flat bilayers for each PIP.
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additional electrostatic force that works against the simple
charge-charge attraction, a desolvation penalty due to strip-
ping of water molecules from charged and polar atoms on
the lipids and proteins. In the language of the FDPB calcula-
tions employed here, it is the penalty for transfer of charged
and polar moieties from a high dielectric region (water,
¢ ~80) to a low dielectric region (molecules, ¢ ~2)—in
essence, a more complex illustration of Born ion transfer.

In addition to the high-affinity, nonspecific protein/phos-
phoinositide interactions discussed above, phosphoinositide
lipids mediate specific interactions with a wide variety of
proteins from domain families such as FYVE, PH, PX,
ENTH/ANTH, and FERM (51). These domains share similar
phosphoinositide-binding functions but have dramatically
different structures. A main point of this study is that phos-
phoinositides exhibit favored structural orientations. This
suggests that the headgroup heights and orientations corre-
late with the manner in which phosphoinositide-binding or
-modifying proteins interact with membranes.

CONCLUSIONS

MD simulations indicate that PIP, and PIP; are well accom-
modated in a POPC bilayer, and do not substantially perturb
the neighboring lipids when at low (physiological) concen-
trations. The phosphate at the 1 position (P1) resides in the
plane of the P1 of POPC, whereas the ring phosphates of
PIP (P3, P4, and P5) are above the average plane of the nitro-
gens of POPC. The orientation (Fig. 2) of the rings of PIP,
and PIP; are comparable, with # (tilt) fluctuating around
40° and ¢ sampling minima at ~0° and =+ 35°. The positions
of the preceding minima in ¢ are not fixed, and depend on
many other conformational variables. These tilt values differ
from the ¢ = 90° obtained by neutron diffraction measure-
ments of PI and PI4P vesicles containing 50 mol % phos-
phoinositide, and thus await experimental confirmation.

Although 26 waters/lipid (the so-called 1X systems) are
not sufficiently large to support a region of bulk phase water,
ion distributions near the surface of the bilayer are very
similar to those obtained from simulations with 4 times the
solvent (Fig. 6). Other averages, including the heights of
the —25 mV potential surfaces (Table 2), are also statistically
equivalent. Hence, it is permissible to use the smaller
systems for exploratory studies.

The electrostatic —25 mV 6,¢ potential surfaces are sensi-
tive to 6 but relatively insensitive to ¢ (Fig. 7). Hence,
models of phosphoinositide/protein electrostatic interactions
based on incorrect § are potentially misleading. Neverthe-
less, the electrostatic potential surfaces for the MD-based
and microscopically flat systems are very similar in the
regions sampled by the MD. Likewise, the average heights
and electrostatic free energies (Fig. 8) from the two models
are similar when averaging of the flat systems is restricted
to the most probable orientations obtained from MD.
Furthermore, our results indicate that the microscopic rough-
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ness and complex PIP-lipid and PIP-ion interactions of the
MD-based bilayers effectively average when treated at the
level of the PB model (Table 2), i.e., a microscopically flat
bilayer may be used with confidence for electrostatic calcu-
lations of the present PIP-based systems, as long as the
appropriate (MD-generated) orientations are utilized.

The —25 V potential surfaces of both PIP2 and PIP3 are
substantially higher than the background height estimated
for negatively charged cell membranes, consistent with their
roles as signaling lipids.
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